The QCD-string model for baryons derived by Simonov and used for the calculation of baryon magnetic moments in Ref.
INTRODUCTION
As QCD is generally accepted as the theory of strong interactions,qq and 3q dynamics should be derived from QCD in a fully relativistically covariant way. This is a formidable task due to the large gluon-quark coupling constant in the low energy regime and the nonAbelian character of QCD. In recent years the formalism of field correlators was set up to deal with the two main characteristics of quark-systems: confinement and chiral symmetry breaking. Using this field correlator method (FCM) a nonlinear equation has been derived for a light quark in the field of a heavy antiquark [2, 3] . In the derivation use has been made of the large N c limit and the calculation has been restricted to include only the Gaussian (bilocal) field correlator, an approximation which has been shown to be correct within a few percent by lattice simulations as was discussed in Ref. [4] .
The developed method is quite general and can be extended to treat the light quark systemsqq and 3q as was shown in Refs. [1, 5] . Using this formalism the baryon magnetic moments and corrections on these from virtual mesonic excitations have been calculated.
Reasonable agreement with experiment has been obtained without the need of introduction of constituent quark masses [1] . The outcome of the method is partially summarized in the next section.
In the present paper we extend the model in the following way. Using the same formalism as in Ref. [1] to obtain the baryon wave functions, the baryon mass spectrum of the lowest octet and decuplet representation of the SU(3)-flavor group is obtained. In section 3 perturbative corrections to this spectrum due to one gluon (OGE) and pseudoscalar meson exchanges are calculated. For the coupling of the pseudoscalar mesons to the quark both pseudoscalar and pseudovector couplings are exploited. Following Refs. [6] [7] [8] we consider the influence of excited states to the ground state. This is done by forming excited baryon states out of the orbital and radial excitations of the single-quark wave functions and using these as a basis to diagonalize the Hamiltonian. The results from the multichannel calculation are shown in section 4. The consequences of the diagonalization of the Hamiltonian to the magnetic moments are calculated in section 5. The paper ends with some discussions in section 6.
FORMALISM
As was explained in Refs. [1, 5] the field correlator method can be used to obtain an effective quark Lagrangian L ef f from the QCD-partition function. Integrating out the gluon fields by using the generalized Fock-Schwinger gauge with contour C [9] [10] [11] the QCD action can be rewritten as
where L 0 is the free quark field Lagrangian and the effective Lagrangian in lowest order in quark fields has the form of a nonlocal four-fermion interaction. Moreover, since Z is gauge invariant we have introduced an additional integration over a set of contours C(k)
with weight Dκ(C) in the partition function. In the field correlator method the Gaussian approximation is usually made, which is has been discussed extensively in Refs. [4, 12] .
Choosing the generalized Fock-Schwinger gauge [9] [10] [11] with contours going through a given point r 0 an effective action is determined. In this way a Hamiltonian equation has been derived for the baryon, depending on the parameter r 0 , (H 1 + H 2 + H 3 − E)Ψ(r 1 , r 2 , r 3 ) = 0,
with
The quark mass operator M i produces both linear confinement and chiral symmetry breaking as was shown in Refs. [2, 3, 13] . It is a nonlinear and nonlocal operator acting in the coordinate space of the i-th quark. When only the dominant part of M i leading to confinement is kept, the kernel can be characterized as
where T g is the gluon correlation length corresponding to the length scale of correlations in the fluctuations of the gluon background field. From lattice gauge simulations it has been found to be of the order of 1 4 f m. Following Ref. [13] we have adopted a value T g = 0.24 f m.
For asymptotic large |x| it has been shown that the kernel Eq. (4) leads for a fixed r 0 to a linear confining interaction σ|r i − r 0 | [13, 14] . Moreover, it is of a Lorentz-scalar type. In this paper we will also allow for a constant term in the confining interaction, corresponding to the next leading order corrections to the area law. The weight Dκ(c) should be chosen as a stationary point of the effective action and that the contours generate a string of minimal length. As a consequence the parameter r 0 can in principle be found as the minimum of the interaction between the three quarks, yielding for r 0 the so-called Torricelli point.
This would result in a single string Y-junction which is of a genuine three-body nature.
However, for practical reasons, we take as a first approximation r 0 as a constant parameter as was done in Ref. [1] . Due to treating r 0 as a constant instead of adopting the Torricelli point r T , the distance 3 i=1 |r i − r 0 | is about ∼ 2.5 times bigger than the minimal distance
This means that the string tension σ has to be chosen ∼ 2.5 times smaller to yield about the same energy. Recent lattice simulations on static quarks obtain a value of about σ = 0.15 GeV 2 for the three-quark Y-shaped interaction which is close to the value for quark-antiquark interactions [15] . This result suggests that string tensions as low as σ = 0.06 GeV 2 can be used in our calculations.
The solution of Eq. (2) is now of a factorizable form which enables us to represent the baryon wave function as the product of three single particle solutions,
where a, b, c and f i are the color and flavor indices respectively. The orbital and radial excitations are indicated by α, β and γ. Because of the Pauli principle the baryon wave function has to be a total antisymmetric function of the three quark functions. As the baryon is a color white object (antisymmetric in color), the wave function Eq. (5) has to be total symmetric in flavor, orbital and radial excitations of the single particle wave functions ψ f i aα . The functions e abc and Γ αβγ JM respectively take care of this (anti)-symmetrization. Explicit formulas for the lowest baryons are given in Appendix A.
Each single particle solution satisfies a nonlinear Dirac-like Hamiltonian equation,
where H i is given by Eq. (3). It has to be solved self consistently, leading to confining solutions. Details can be found in Ref. [13] . In table 1 some values of ε n are shown. The solutions are listed as
From these single-quark orbitals the baryon spectrum M B = E and the corresponding baryon wave funtions, Eq. (5), can immediately be constructed.
Using these baryon wave functions the magnetic moments µ z have been determined in Ref. [1] . Following Ref. [16] we have
where e, M p and G mag are the charge, mass and Sachs magnetic moment of the proton. The electromagnetic current matrix element M µ is given by
For the operator J µ the single-quark current operator is taken as the first approximation.
Higher order contributions come from two-body currents like one-pion-exchange currents and mesonic one-loop corrections which give rise to the anomalous magnetic moment of the quark. Reasonable values were obtained for the magnetic moments of the baryon octet and decuplet in the case of a string tension of σ = 0.1 GeV 2 without the need of introduction of constituent quark masses [1] . In the present paper we extend this analysis to also include the one-gluon-exchange and study the effects of the use of different forms for the interaction in the one-pion-exchange.
EXCHANGE POTENTIALS
Until now the picture of quarks moving in the confining sea of gluons is used. This leads to confinement and chiral symmetry breaking, but it lacks spin-dependent interactions. Typical spin-dependent structures in the baryon spectrum as the splitting between the nucleon and the ∆ are therefore not present in such a simplified model. To remove this deficiency a perturbative one-gluon-exchange interaction is now introduced. The Coulomb part is expected to lower the baryon masses and the color magnetic part is expected to give rise to a splitting between the J = 1/2 and J = 3/2 states. Beside this one-gluon interaction we also introduce perturbative pseudoscalar meson-exchanges which can be considered as an effective interaction representing the exchange of correlated quark anti-quark pairs. The interactions are schematically shown in Figure 1 .
The Hamiltonian equation, Eq. (2), is equivalent to a Bethe-Salpeter equation with an instantaneous interaction. Of all possible three particle wave functions of the type (5) it couples only to (+++) and (−−−), where ± indicates the sign of ǫ n as in Eq. (7). All other wave functions decouple. Within such an equal time approximation we now consider the effects of the perturbative exchanges. Following Refs. [17] [18] [19] where the instantaneous three particle
Bethe-Salpeter equation is considered, we assume that the perturbative gluon-and mesonexchanges only take place between these purely positive and negative energy components.
As discussed in Ref. [17] we write for the interaction potential in the Hamiltonian,
with the energy projection operators defined as
The interactions between the other quark pairs, H
int and H (13) int , can very similarly be written down and easily be included. The Hamiltonian equation Eq. (2) becomes
The exchange interactions are treated perturbatively, in Eq. (10) for the non-strange baryons can be split into two contributions, the one gluon exchange (OGE) and the one-pion-exchange (OPE). They are explicitly written as,
where a pseudoscalar (PS) coupling for the pion is assumed. The factor 2/3 in the OGE originates from the color content of the baryons and the term τ (2).τ (3) in the OPE takes care of the isospin. The exchange potentials can also be written in coordinate space by performing Fourier transformations
.
Details on the calculation of the perturbative calculation of the matrices Eq. (13) can be found in appendix B.
When a pseudovector (PV) pion-quark coupling is assumed some modifications have to be made. In Eq. (14b) the pseudovector coupling is obtained by the replacement
where m ef f is a scaling mass of the order of the constituent quark mass, to be discussed 
and
As the calculation is performed in coordinate space, the coupling constant has to be Fouriertransformed which can be done as,
The constants are fixed at m B = 1.0 GeV , Λ V = 385 MeV and n f = 3 as discussed in
Ref. [20] .
Following Ref. [21] we exploit the Goldberger-Treiman relation [22] for the pion-quark vertex to find the pseudovector coupling constant to meson m
where M m is the meson mass, g q A is the quark axial coupling constant and f m is the decay constant. From Refs. [23, 24] we take the decay constants f π = 93 MeV, f κ = 113 MeV and
The axial coupling constant of the quark is not well known. In the static quark model it can be related to the nucleon axial coupling constant as, g In the large N c limit however the coupling would be g q A = 1 as was derived in Ref. [25] and confirmed by Simonov using the field correlator method in Ref. [26] . If 1/N c corrections are taken into account the coupling decreases to g q A = 0.87 [27] . For consistency reasons we try to keep close to the field correlator method and choose g q A = 1. The resulting values for f mqq are determined from the Goldberger-Treiman relation and shown in Table 2 . The parameterization of the cutoff mass is taken the same as in Ref. [21] Λ m = Λ 0 + κM m (22) with the parameters Λ 0 = 565 MeV, κ = 0.81, the results are given in Table 2 .
The pseudoscalar coupling constant g mqq is related to the pseudovector coupling constant
The m ef f can be looked at as the effective constituent mass of the quark. In case of the pion-coupling m ef f is the effective constituent mass of the u, d-quark, in case of the kaonand eta-coupling m ef f is a mixture of u-, d-and s-quark masses. The mass is chosen such that the one-pion and one-kaon exchanges using PS coupling give the same value as using the PV coupling in only positive energy channels. So we require
The effective mass m ef f for the eta meson is put equal to the m ef f for the kaon meson. The parameters are summarized in Table 2 . It can be seen that the coupling constants g mqq are almost equal, as would be the case in a chiral symmetric world. In case of σ = 0.09 GeV
2
we find values which are somewhat smaller than g 2 mqq /4π = 0.67 as was used by Glozman et al. [21, 28] , in case of σ = 0.12 GeV 2 somewhat larger.
Using these coupling constants the perturbative exchanges are calculated, where as a first approximation the baryon wave function Eq. (5) is used. Results are shown in Tables 3, 4 and 5 for string tensions of σ = 0.06 GeV 2 , σ = 0.09 GeV 2 and σ = 0.12 GeV 2 respectively.
As can be seen from Tables 3, 4 and 5 an extra parameter C 0 has been introduced which is of a Lorentz-vector nature. This parameter is added to the confining potential as
In the derivation of the confining potential in Refs. [5, 13] When the string tension σ is increased the single particle orbitals tend to become more compact. Due to the 1/r behavior of the exchange potentials this results in larger values in the perturbative calculation Eq. (13).
The results for the baryon octet (J = 1/2) are quite close to the experimental masses in case of the PS-coupling for σ = 0.06 GeV 2 and in case of the PV-coupling for σ = 0.09 GeV 2 .
From Table 4 it can be seen that the PS-coupling does somewhat better for the baryon decuplet (J = 3/2) where the PV-calculation misses about 100 MeV. For σ = 0.12 GeV 2 in Table 5 the PV-coupling leads to a reasonable overall agreement while the PS-calculation produces values which are too large.
MULTICHANNEL CALCULATION
Until this far the baryon wave functions contain only the ground state of the single-quark orbital. That is, the baryon wave function Eq. (5) can schematically be written as
where the notation from Eq. (7) has been used. Coefficients needed for symmetrization and coupling to the proper angular momentum are left out for simplicity. Quarks however can also be in excited orbitals which means that generally baryon wave functions which are (partly) build up from excited single particle solutions also contribute to the baryon. So contributions like
can mix into the baryon ground state and change the energy. Similar as was done in Refs. [6, 7] for nonrelativistic quark models and in Ref. [8] for a relativized model we take wave functions as Eqs. (27) as a basis for diagonalizing the Hamiltonian Eq. (12).
As the color content of the baryon takes care of the antisymmetrization the resulting 3-particle wave function has to be total symmetric with respect to particle interchanges when the color is disregarded. Spin, isospin, orbital and radial excitations are taken into account in the symmetrization procedure. 
to represent the single orbital solution we have
where the C's are the Clebsch-Gordon coefficients in the Rose notation [29] . An allowed choice of j 23 and i 23 does not always lead to unique 3-particle wave functions. If one takes for example three identical single-particle orbitals with j 1 = j 2 = j The wave functions Ψ α are taken as a basis to solve the full Hamiltonian, including one-gluon and one-pion exchange. So let us consider
from which the eigenvalues have to be found.
From the calculations performed it is found that the single-quark orbitals 1 Tables 6, 7 and 8 for string tensions of σ = 0.06 GeV 2 , σ = 0.09 GeV 2 and σ = 0.12 GeV 2 respectively.
The inclusion of the excited quark orbitals changes the spectrum considerably. All ground state masses lower through this calculation. An effect which is stronger for the baryon octet, which causes the nucleon-∆ splitting to increase by about 100 MeV. In case of σ = 0.09 GeV 2 the situation for the baryon decuplet thus improves considerably, leading to a rather close prediction for the PV-calculation as can be seen in Table 7 . The baryon octet however is quite well reproduced in Table 6 for a string tension of σ = 0.06 GeV 2 and a PV-coupling.
The PS-calculation with the string tension of σ = 0.09 GeV 2 yields values somewhat too large, while the results in Table 8 are much too high for the decuplet.
As a second consequence of the lower masses, larger C 0 values have to be used. The mass splittings inside the baryon octet and decuplet also get larger. In most cases this behavior deteriorates the predictions inside the baryon octet somewhat, being already too large by a small amount in the calculation from the previous section.
These results for the mass spectrum seem to point in the direction of a small string tension of about σ = 0.08 GeV 2 and a slight preference for a PV-coupling when the overall agreement is considered.
MAGNETIC MOMENTS
Now the influence of the perturbative exchanges on the mass spectrum has been calculated and the mixing of excited quark orbitals into the baryon ground state has been estimated the question arises what might be the consequences for the baryon magnetics moments. To this objective the expressions obtained for the baryon magnetic moments in Ref. [1] have to be generalized to arbitrary quark orbitals to be used within the multichannel calculation. For the coupling of the meson to the quark we consider two possible forms, the pseudoscalar (PS) and pseudovector (PV) coupling as was also done in the calculation of the meson exchanges in the previous sections.
Following the same procedure as in Ref.
[1] to calculate the major contribution to the baryon magnetic moment we introduce an external electromagnetic field A into the Hamil-
(H × r), and calculate the energy shift perturbatively,
Thus we find for the magnetic moment operator
where the single-quark orbital is denoted as
The magnetic moment operator Eq. (34) can be evaluated by rewriting it in terms of spherical
after which the angular part can easily be calculated analytically using Eq. (B9) which leaves us with a numerical radial integral over r 1 (the integrals over r 2 and r 3 factorize and drop out),
(1)
(1) q 2π 3 σ
with normalization Eq. (B8) and symmetrized baryon wave functions Eq. (5). Because of symmetry considerations we can calculate the contribution of the first quark only and take the second and third quark into account by multiplying with a factor of 3.
In the calculation of the baryon mass spectrum we introduced meson exchanges as an effective interaction representing the exchange of two quarks. We now study the one-loop effects of the mesonic fluctuations which give rise to modifications of the single-quark current, in particular, to an anomalous magnetic moment of the quark. Near Q 2 = 0 the current can be written as
where κ q = κ s + κ v τ z for the u, d-quark. From Eq. (8) the magnetic moment contribution is found to be
which results in δµ z = 3δµ
Repeating the procedure followed in Ref. [1] we determine the κ coefficients in a simple model, assuming that the loop corrections are given by only the one-loop mesonic contributions to the electromagnetic vertex. We approximate the single-quark orbital by a free quark propagation with a constituent mass given by the ground state orbital energy, ǫ 0 shown in 
where we use for the propagators
and for the vertices
The PV-coupling vertex can be found from Eq. (46) by applying the replacement Eq. (16).
In case of a PV-coupling of the meson the minimal coupling of the electromagnetic field gives rise to the contact interaction
In Eq. (41a) an extra term has been added to satisfy the Ward-Takahashi identity in second order [30] 
where the three point vertex Γ µ, (2) γqq is given by the sum of the currents Eqs. (41). The currents can now be simplified by shifting the γ 5 's through the expression and assuming that the incoming and outgoing quarks are on mass-shell. As a result we find
From these currents the anomalous magnetic moment has to be extracted. To isolate this term we first note that the tensors C µν and the vectors C µ depend only on the initial and final momenta. Therefore they can be written as
where A and taking the initial and final quark on-mass shell we find for the anomalous magnetic moment corrections µν . We get
Details on the calculation of the integrals and explicit expressions for A Table 2 .
From the calculation it is found that the results using a PV-coupling can easily be related to the outcome using the PS-coupling
where m q is the constituent mass of the external quark and M q is the constituent mass of the internal quark, both given by the respective ground state orbital energy ǫ 0 . In case of pionic loops both internal and external quarks are u, d-quarks, m q = M q . Kaons however change u, d-quarks into s-quarks and back, resulting in m q = M q . If the effective mass m ef f in the PV-coupling is taken the same as the constituent quark mass m q , both couplings give the same value. However, from Table 2 it can be seen that the effective mass differs from the ground state orbital energy ǫ 0 shown in Table 1 resulting in different values when the PS-or PV-coupling is employed. The results are shown in Table 9 . The analysis performed
shows that the contact term does not contribute to the anomalous magnetic moment of the quark.
As the contribution from pion exchange currents are predicted to be small [1] we leave them out in first approximation.
The results on the baryon magnetic moments are shown in Tables 6, 7 and 8 
CONCLUSIONS
In the present paper we have extended the work started in Ref. [1] where the field correlator method was applied to light baryons and magnetic moments were calculated for the baryon multiplet. The extension comes from the calculation of the influence of perturbative one-gluon and one-meson exchanges on the mass spectrum and magnetic moments of the baryon multiplet.
The described method should be looked at as a second approximation to calculate both the magnetic moments and the baryon mass spectrum in the QCD-string model. The first approximation is described in Ref. [1] where no correlations between the quarks were taken into account. This means that the baryon wave function was described as a product of single quark orbitals. In the present paper this is partially repaired by considering one gluon and meson exchanges and taking excited single-quark orbitals into account. However, effects from neglecting the actual position of r 0 in the Torricelli point and instead choosing a fixed value for the parameter r 0 are not considered and left for further study.
From the results presented in this paper it appears to be possible to obtain a reasonable agreement of the baryon magnetic moments in a region where the predicted masses are close to experiment. Although there is a small preference for a PS-coupling when the magnetic moments are considered, the mass spectrum puts in more weight in favor of a PV-coupling.
So the best overall agreement is obtained when a PV-coupling is assumed and a string tension of σ = 0.08 GeV 2 is taken. When the interchange of particle i and j is denoted by P ij they behave as
The states ρ and λ are clearly not symmetric under the permutation of any two quarks.
However some specific combination of χ ρ,λ and η ρ,λ is symmetric, actually, from the states The single quark orbital is decomposed as [13] 
where χ ms (η m i ) is the (iso)spin-function and C is the Clebsch-Gordon coefficient in the notation of Rose [29] .
A total symmetric baryon wave function can be composed out of the single quark orbitals as described in section 4. This procedure is summarized as
where the Γ takes care of the symmetrization, f i are the flavor indices, α, β and γ indicate the quark excitation and the color indices are left out for simplicity. It is understood that the baryon wave function is in a color singlet state.
The energy shift can quite easily be calculated after some modifications of the exchange potential. Let us consider the equations written in coordinate space, Eqs. (15). Then, expand the potentials in terms of spherical harmonics Y lm as
with P l the Legendre polynomials and x = cos(γ) the angle between the vectors r 2 and r 3 .
The function V l (r 2 , r 3 ) can be found by using the orthonormality condition of the Legendre
In the special case of the Coulomb potential V (r 2 , r 3 ) = 1/ |r 2 − r 3 | the integral can be done analytically and the expansion looks like
with r< (r>) the smaller (greater) of r 2 and r 3 . The advantage of this expansion is the easy analytic evaluation of the integrals over the angles appearing in the calculation of the matrix elements in Eq. (13).
The matrix element Eq. (13) can now be written as
with the normalization
and the projection matrices Λ ± defined as Eq. (11).
The integral over the first quark factorizes and drops out. The remaining part contains two angular integrals, dΩ 2 and dΩ 3 , over three spherical harmonics each. The product of three spherical harmonics can analytically be evaluated as (see for example Ref. [29] )
The remaining radial integral over r 2 and r 3 is done numerically.
In case of PV-coupling extra matrices k in Eqs. (16) are added to Eq. (B7) and become derivatives in coordinate space. As the derivatives act on the wave functions the actual potential V (23) ope (r 2 − r 3 ) can still be expanded in terms of spherical harmonics in the exactly same way as is done for PS-coupling, which results in
The arrows point in the direction in which the derivatives operate. Again the integral over r 1 factorizes and drops out. The derivative on the wave function has to be calculated, which can be done by using
. The integral over the angles can again be evaluated using Eq. (B9), while the integral over the radial wave functions, containing also derivatives on the radial wave functions, is done numerically.
APPENDIX C: ANOMALOUS MAGNETIC MOMENT CONTRIBUTIONS FROM MESON LOOPS
In this appendix explicit formulas on the contribution to the anomalous magnetic moment of one-loop diagrams are shown. In the first subsection the pseudoscalar coupling has been used, Eq. (46), in the second subsection the pseudovector coupling. In the last subsection some useful formulas on the calculation of the integrals are given.
Pseudoscalar coupling
Our starting point is the electromagnetic currents, corresponding to the one-loop diagrams shown in Fig. 2 , assuming a γ 5 coupling of the pion to the quark,
In writing these equations use has been made of explicit evaluation of the γ-matrix algebra and of the approximation that the initial and final quark are on-mass shell. To be able to discuss more general diagrams the masses of the external quark m q and the intermediate quark M q are taken differently. In case of the pionic fluctuations of the u, d-quark the equations can be reduced using M q = m q . Since we have assumed a finite form factor at the πqq vertex, similar as in the two-body current case, the two additional terms are needed in the last factor of Eq. (C1) to satisfy the Ward-Takahashi identity, Eq. (48). From these currents the anomalous magnetic moment has to be extracted. As was discussed in Section 5 this can be done by calculation the Lorentz-invariant terms A 
The expressions for A
1 and B
1 are
In these formulas F m is defined as
Frequent use has been made of the formulas listed in subsection C.3.
Pseudovector coupling
In case of pseudovector coupling the PS-vertex has to be changed into the PV-vertex by applying Eq. (16) . The currents can be reduced to
and 
The expressions for A 
The current resulting from the contact term does not contribute to the anomalous magnetic moment, A 
Useful formulas
In the calculation of one-loop integrals frequent use has been made of the Feynman
This formula can be generalized to
Which can be proven by induction. All loop integrals in the text can be reduced to one of the following forms [31] 
If the previous formulas do not apply, one can use (n ≥ 3) Diagram c is only present when a PV-coupling has been taken. spo σ = 0.06 GeV 2 σ = 0.09 GeV 2 σ = 0.12 GeV Table 7 . The result on the mass in units of MeV and the magnetic moment in units of the nuclear magneton of the multichannel calculation where the single-particle orbitals (spo's) 0 Table 9 . The anomalous magnetic moment of the quark in units of the nucleon magneton for different string tensions σ. The parameters are taken from Table 2 . The first set is the prediction for only the pion loops, while the second set is with both pion and kaon loops included and the third set shows the results where pion, kaon and eta loops are taken into account. 
